Objective: Adverse body compositional features and low bone mineral density (BMD) are the characteristic of patients with active Cushing's syndrome (CS). The aim of this study was to evaluate body composition and BMD in women with CS in long-term remission and the influence of polymorphisms in genes affecting glucocorticoid (GC) sensitivity on these end-points. Design, patients and methods: This was a cross-sectional, case-controlled study, including 50 women previously treated for CS and 50 age and gender-matched controls. Median (interquartile range) remission time was 13 (5-19) years. Body composition and BMD were measured with dual-energy X-ray absorptiometry. Five polymorphisms in four genes associated with GC sensitivity were analysed using TaqMan or Sequenom single-nucleotide polymorphism genotyping. Results: Patients with CS in remission had increased abdominal fat mass (P!0.01), whereas BMD was not significantly different at any site between patients and controls. In patients, the NR3C1 Bcl1 polymorphism was associated with reduced total (P!0.05) and femur neck BMD (P!0.05). The polymorphism rs1045642 in the ABCB1 gene was associated with increased abdominal fat mass (P!0.05) and decreased appendicular skeletal muscle mass (P!0.05). GC replacement was associated with reduced total BMD (P!0.01), BMD at lumbar spine (P!0.05) and increased abdominal fat (P!0.01). Conclusion: Ongoing GC replacement therapy together with polymorphisms in two genes related with GC sensitivity is associated with abdominal obesity and adverse skeletal health in patients with CS in long-term remission.
but LBM was similar in patients as compared with controls (11) .
Prospective studies have demonstrated improved BMD following treatment of CS (12, 13, 14) . However, these studies have small numbers of patients, short follow-up time and/or lack a control group. Two studies carried out in patients with CS at long-term remission present conflicting results on bone metabolism, with BMD Z-scores being either normal (1) or decreased (15) .
The effects of glucocorticoids (GCs) are mediated through the GC receptor. Several polymorphisms in the GC receptor gene (NR3C1) are described that may either increase (BcI1 and N363S) or decrease (ER22/23EK and A3669G) GC sensitivity (16) . In patients with active CS, BclI is associated with reduced BMD (17) and A3669G, with a decreased risk of developing diabetes mellitus (18) . In addition, polymorphisms in the genes coding for the mineralocorticoid receptor (NR3C2) (19) , 11b-hydroxysteroid dehydrogenase type 1 (HSD11B1) (20, 21) and ATP-binding cassette B1 (ABCB1) (22) may also be important for GC sensitivity. Recently, we have demonstrated that polymorphisms in the HSD11B1 and NR3C1 genes are associated with impaired cognitive function in patients with CS in remission (23) . The effect of polymorphisms in these genes on body composition and BMD in patients with CS in remission has not been studied.
The aim was to study body composition and BMD in patients with CS in long-term remission. The main hypothesis was that patients with CS in remission have increased fat mass and decreased muscle mass and BMD in comparison with healthy controls. We also hypothesised that polymorphisms in the GC receptor gene, and genes involved in metabolism and transport of GCs, influence the normalisation of body composition and BMD in successfully treated CS patients.
Patients and methods

Study design
This was a cross-sectional, case-control study, designed to evaluate long-term outcome in patients previously treated for Cushing's disease (CD) and cortisol-producing adrenal adenomas. The subjects were studied on three occasions where medical history was reviewed, physical examination was performed, hormonal status, fatigue and psychiatric status were evaluated and neuropsychological tests performed as previously described (24) . In this part of the study, anthropometry, body composition, BMD and cardiovascular risk factors in 50 women successively treated for CS are presented.
Patients
The study group for the current analysis consisted of 50 women with CS in remission: patients with ectopic adrenocorticotrophin (ACTH)-producing tumours, subclinical CS, cortisol-producing adrenocortical cancer, uncontrolled CD and male patients were not included. The mean age at diagnosis was 37G13 (meanGS.D.) years and 53G14 years at follow-up. Thirty-eight patients had been treated for ACTH-producing pituitary adenomas and 12 patients had been operated by unilateral adrenalectomy for cortisol-producing adrenal adenomas. The primary treatment for CD was transsphenoidal pituitary surgery in 26 patients, bilateral adrenalectomy in seven and radiotherapy in five. In patients with CD, 16 (42%) needed additional treatment due to unsuccessful primary treatment, relapse or progress of remaining pituitary tumour after initial bilateral adrenalectomy. In total, 30 (79%) patients were treated with transsphenoidal pituitary surgery, 12 (32%) with radiotherapy and 10 (26%) with bilateral adrenalectomy. Clinical, biochemical, radiological and histopathological data from the time of diagnosis were reviewed to verify that the initial diagnosis of CD and cortisol-producing adrenal adenoma were correct. Duration of active CS was estimated by reviewing medical records and by asking the patients to estimate for how long they believed that they had had CS before they got the diagnosis. Duration of uncontrolled CS was estimated as the time with active CS in addition to the time from diagnosis until time of remission. those operated with bilateral adrenalectomy (nZ10). Serum cortisol concentration %50 nmol/l following dexamethasone administration was considered to be an adequate suppression.
Thyroid-, sex hormone and growth hormone (GH) status and the presence or absence of diabetes insipidus were evaluated clinically and by measurements of serum levels of free thyroxine (T 4 ), thyrotrophin, oestrogen, DHEAS, androstenedione, gonadotropins and insulin-like growth factor 1 (IGF1). In addition, in patients with suspected GH deficiency, an insulin tolerance test was performed.
Analytical methods
Serum cortisol was measured using competitive electrochemiluminescence immunoassay (Cortisol Elecsys, Roche Diagnostics Scandinavia AB), UFC using RIA (SpectRia Cortisol 125I, Orion Diagnostica, Espoo, Finland) and serum IGF1 was measured with an immunoenzymometric assay (Immulite 2500 IGF1, DPC/Siemens Medical Solutions Diagnostics Ltd, Llanbeis, Gwynedd, UK). Plasma glucose concentrations were measured using an enzymatic hexokinase method (GLU, Roche/Hitachi; Roche Diagnostics GmbH) with a 4% coefficient of variation (CV) at concentrations between 5 and 15 mmol/l. Total-, LDL-and HDL-cholesterol and triglycerides (TG) in serum were measured by an enzymatic method (Roche Diagnostics GmbH). The CV for total-cholesterol was 3% at serum concentrations between 4 and 6 mmol/l, 4% for LDL at concentrations between 2 and 5 mmol/l, 5% for HDL-cholesterol at concentrations between 1 and 2 mmol/l and 4% for TG at concentrations between 1 and 2 mmol/l. Whole blood for genetic analysis and serum for the analysis of lipids were stored at K80 8C and analysed at the end of the study.
Measurements
Height was measured with an accuracy of 0.5 cm and weight (kg) to one decimal place. BMI was calculated as weight/height 2 (kg/m 2 ). Waist circumference (WC) was measured in the supine position midway between the iliac crest and the lowest level of the thorax. Total LBM, total fat mass, abdominal fat mass and BMD were measured using DXA (Lunar DPX-L, 12 Lunar Corporation, Madison, WI, USA). The precision errors (1 S.D.) for fat mass and LBM were 1.7 and 0.7% respectively. Appendicular skeletal muscle mass (ASMM) was calculated from lean mass in arms and legs obtained from the DXA as previously described (25) .
Metabolic syndrome was defined according to the criteria published in 2005 by the International Diabetes Foundation (26) . This included WC O80 cm and two of the following: i) TG O1.7 mmol/l; ii) HDL-cholesterol !1.3 mmol/l; iii) blood pressure O130/85 mmHg or antihypertensive treatment and iv) f-glucose O5.6 or impaired glucose tolerance (IGT) or type 2 diabetes mellitus.
Single-nucleotide polymorphism selection and genetic analyses
Blood samples for DNA isolation were available from 49 patients. Five single-nucleotide polymorphisms (SNPs) in four genes were analysed; Bcl1 (rs41423247) and A3669G (rs6198) in the NR3C1 gene, I180V (rs5522) in the NR3C2 gene, rs11119328 in the HSD11B1 gene and rs1045642 in the ABCB1 gene. The selection of the candidate genes was based on their previously described effects on GC sensitivity (16, 17, 18, 19, 20, 21, 22) . Due to the limited size of our cohort, we chose only SNPs with a minor allele frequency (MAF) O10% in the HapMap CEU Panel.
Genomic DNA was isolated using the QIAamp DNA Blood Maxi Kit from Qiagen according to the manufacturer's standard protocol. Genotyping of SNPs Bcl1 (rs41423247), rs6198 and rs1045642 was performed using TaqMan SNP genotyping. The remaining SNPs were genotyped on the Sequenom platform (Sequenom, Inc., San Diego, CA, USA). In the TaqMan SNP genotyping, 20 ng genomic DNA was added to a reaction mix containing 1!TaqMan Genotyping PCR Master Mix (Applied Biosystems) and SNP-specific genotyping assays purchased from Applied Biosystems (rs6198: C_8951023_10 and rs1045642: C_7586657_20). Bcl1 was genotyped using custom designed primers (Fp: GCT CAC AGG GTT CTT GCC ATA and Rp: TTG CAC CAT GTT GAC ACC AAT) and probes (P1: 6FAM-TCT GCT GAT CAA TCT-MGBNFQ and P2: VIC-TCT GCT GAT GAA TCT-MGBNFQ), with optimised concentrations of primers (0.9 mM) and probes (0.2 mM). All reactions were carried out in 5 ml reactions on 384-well plates (Applied Biosystems). PCR amplification and allele detection were carried out in an ABI Prism 7900HT Sequence Detection System instrument (Applied Biosystems). In the Sequenom analysis, primers for multiplex PCR and extension reactions were designed by the SpectroDesigner Software (Sequenom GmbH). All primer sequences are available on request. PCR and extension reactions were performed according to manufacturer's standard protocols using the Iplex Gold Chemistry and Spectrochips version 2. The SNP analysis was performed by matrix-assisted laser desorption/ionisation-time of flight (MALDI-TOF) mass spectrometry (Sequenom GmbH).
Each assay was validated using a set of 14 trios families, in a total of 42 individuals. Genotype data from these individuals are available through the HapMap consortium. Concordance analyses with the HapMap data as well as analysis of the parent-offspring compatibility with the produced genotypes were performed.
Ethical considerations
Informed written consent was obtained from all patients and controls. The Local Ethical Committee of the University of Gothenburg, Göteborg, Sweden, approved the study. The study was conducted according to the Declaration of Helsinki.
Statistical analyses
All statistical analyses were performed with SPSS, version 17.0 for windows. Data are presented as meanGS.D. or median (25-75th percentiles). For comparison between groups, we used unpaired t-test for normally distributed data and Mann-Whitney U-test for non-normally distributed data. For proportions, Pearson c 2 or Fisher's exact test was used as appropriate. We also used multiple linear regression models with backward elimination to examine the differences in total and abdominal fat mass, total LBM, ASMM and BMD (total, lumbar spine and proximal femur neck) between patients and controls, while accounting for possible influences of weight, height and serum concentrations of free T 4 and DHEAS. In a similar way, logistic regression was used for the analysis of the metabolic syndrome. In patients with CS in remission, same dependent variables were analysed with same adjustments, as well as age, to study the influence of the aetiology of CS (CD vs cortisol-producing adrenal adenoma), time with uncontrolled disease, duration of remission and GC replacement therapy.
The influence of SNPs on total and abdominal fat mass, total LBM, ASMM, BMD (total, lumbar spine and proximal femur neck) and the metabolic syndrome in patients with CS in remission was analysed by multiple linear or logistic regression models after adjustment for age, weight, height, GC treatment, as well as serum concentrations of free T 4 , DHEAS and IGF1. Due to the limited size of our cohort, carriers of minor alleles (heterozygotes and homozygotes) were analysed as a single group (dominant model). A two-tailed P value of !0.05 was considered statistically significant.
Results
Hormonal status
At study entry, all patients were in remission. The median (interquartile rage) time in remission was 13 (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) years. Nineteen (38%) patients were receiving GC replacement therapy: ten after bilateral adrenalectomy, seven due to pituitary insufficiency after transsphenoidal pituitary surgery and/or radiotherapy and two after unilateral adrenalectomy. The mean hydrocortisone (HC) dose was 24G9 mg/day (median 25, range 10-40). UFC did not differ between patients and controls ( Table 1) . UFC in GC-treated patients was increased compared with GC sufficient patients (276G217 nmol/24 h vs 150G63 nmol/24 h; P!0.05). Eight patients had fludrocortisone, all treated with bilateral adrenalectomy.
Eighteen (36%) patients were on L-T 4 treatment: 13 due to central and five due to primary hypothyroidism. Free T 4 value ( Table 1 ) was higher patients who were on T 4 treatment (18.9G3.6 vs 15.6G2.4 pmol/l in controls; P!0.01).
Nineteen (50%) patients with CD had confirmed GH deficiency: 18 were on GH replacement therapy and one had discontinued due to side effects. Three additional patients were diagnosed with GH deficiency in this study. Serum IGF1 concentration did not differ between patients and controls (Table 2 ), but was higher in those on GH replacement (197G108 vs 130G51 mg/l; P!0.05).
Five of 21 premenopausal women (!52 years) were receiving oestrogen and progesterone for hypogonadotropic hypogonadism and two of 29 postmenopausal Table 1 Hormone measurements in patients with Cushing's syndrome in remission and healthy controls. S-cortisol was measured in the morning, before (baseline (BL)) and after administration of CRH; S-cortisol -peak represents the highest concentration measured after CRH administration. Data is presented as meanGS.D. or median (interquartile range). 
Body composition
Patients with CS in remission tended to be shorter and to have higher BMI than that of the controls, although the differences did not reach statistical significance (Table 2) . Patients with CS in remission had higher proportion of abdominal fat mass and decreased proportion of ASMM ( Fig. 1 and Table 2 ). No difference in weight, LBM or total fat mass was seen between the groups. In a regression analysis, after adjustment for weight, height and serum concentrations of free T 4 and DHEAS, CS in remission was independently associated with higher abdominal fat mass (B 1.2, 95% CI 0.2-2.3, PZ0.03). After same adjustments, the reduced ASMM in patients did not remain significant (PZ0.3).
Bone mineral density
Thirteen patients with CS in remission and two controls received treatment for osteoporosis (P!0.05). Eight patients were taking calcium and vitamin D supplementation and five calcium, vitamin D and bisphosphonates. One control was receiving calcium and vitamin D supplements and another control received bisphosphonates.
No difference in BMD was observed between patients and controls, total BMD neither total BMD, BMD at lumbar spine nor femur neck ( Table 2 ). Exclusion of subjects on bisphosphonates did not change the results.
Cardiovascular risk factors
Fifteen patients and seven controls had treatment for hypertension (PZ0.06). Patients with CS in remission tended to have higher diastolic blood pressure compared with controls (PZ0.07), but systolic blood pressure was not different (Table 3) .
Three patients, but no controls, had diabetes mellitus and were on anti-diabetic treatment (PZ0.2). The concentrations of fasting plasma glucose were similar in patients and controls (Table 3) .
Eight patients and three controls were on lipidlowering treatment (PZ0.2). After adjustment for weight, serum concentrations of HDL-cholesterol were lower (P!0.001) and TG were higher (P!0.001) in patients (Table 3 ). The concentrations of totaland LDL-cholesterol were not different. Fifty-three percent of patients fulfilled the criteria for the metabolic syndrome and 24% of controls (PZ0.003). After adjustment for weight, height and serum concentrations of free T 4 and DHEAS, the odds ratio for the metabolic syndrome was 3.3 (95% CI 1.1-9.4, PZ0.03).
Genetics
All the SNPs were in Hardy-Weinberg equilibrium (HWE) except for the NR3C1 Bcl1 polymorphism in the patient group (PZ0.02; Table 4 ). The genotyping success rate ranged between 98 and 100%.
After adjustments for age, weight, height, GC treatment and serum concentrations of free T 4 , IGF1 and DHEAS, patients carrying the CG/GG alleles of the NR3C1 Bcl1 polymorphism had significantly reduced total BMD (B K0.05, 95% CI K0.11 to K0.001, PZ0.046) and BMD at femur neck (B K0.09, 95% CI K0.18 to K0.01, PZ0.042) (Fig. 2) . The patients carrying the TC/CC alleles of the ABCB1 rs1045642 polymorphism had increased abdominal fat mass (B 1.7, 95% CI 0.3 to 3.1, PZ0.016) and decreased ASMM (B K1.3, 95% CI K2.5 to K0.02, PZ0.019). Body composition, BMD and the metabolic syndrome were not associated with any of the remaining SNPs.
Influence of aetiology, duration of active CS and GC replacement therapy on body composition and BMD
After adjustment for age, weight, height and serum concentrations of free T 4 , IGF1 and DHEAS, GC replacement therapy was independently associated with reduced total BMD (B K0.07, 95% CI K0.12 to K0.02, PZ0.008), BMD at lumbar spine (B K0.13, 95% CI K0.23 to K0.03, PZ0.016) and increased abdominal fat (B 2.7, 95% CI 0.7 to 4.6, PZ0.009). Aetiology (CD or cortisol-producing adrenal adenoma), duration of active CS and duration in 
Discussion
This study demonstrates that women with CS in long-term remission have increased abdominal fat mass compared with healthy subjects, which is independently associated with GC replacement and a common polymorphism in the GC transmembrane transporter gene ABCB1. The study also demonstrates that ongoing GC replacement and a common polymorphism in the GC receptor gene are associated with adverse skeletal health in patients with CS in long-term remission. Adipose tissue mass decreases after treatment for CS (4, 7, 8, 9, 10) , but whether complete normalisation occurs at long-term follow-up is not fully explored. One previous cross-sectional study found an increased total and abdominal fat mass in patients with CS after a mean time of 11 years in remission in comparison with age-, gender-and BMI-matched controls (11) . Our results also indicate that the central obesity associated with long-term hypercortisolism in CS is not completely reversible after treatment. Previous studies on the reversibility of reduced LBM and skeletal muscle mass have demonstrated either unchanged (4, 8, 9, 10) or reduced LBM after treatment (7, 11) . In our study, after adjustment for various confounders, no difference in skeletal muscle mass was observed between patients and controls.
In contrast to our hypothesis, no significant reduction in BMD was seen in the patients. Our results are in accordance with a previous study where BMD at femur neck, lumbar spine and total body was reported to be normal in 18 patients with CS in remission for 6 years (1). On the contrary, in a further study on 37 women with CS in remission for 6 years, BMD was decreased compared with matched controls (15) . Interestingly, in that study, duration of GC replacement after treatment for CS was independently associated with reduced BMD at lumbar spine. A similar association was observed in our study, i.e., GC replacement therapy was independently associated with reduced total BMD and BMD at lumbar spine, probably explained by the fact that the effects of GCs on the skeletal tissue is most prominent on trabecular bone such as in the lumbar spine (27) . The median hydrocortisone dose used in the GC-treated patients in our study was 25 mg/day. This indicates that GC-insufficient patients, at least some of them, received supraphysiological doses that may explain the worse overall outcome in this subgroup. The potential relationship between GC doses and outcome was, however, not possible to analyse due to the relatively small number of patients.
Cardiovascular risk profile improves after treatment for CS (28, 29) . However, 1 year after treatment many patients still have central obesity, hypertension, dyslipidaemia and IGT or diabetes (29) . Even at long-term followup atherosclerotic plaques (30) , coronary artery disease (31) and acute myocardial infarction are more frequently observed in CS patients than in controls (32) . The findings of this study with lower HDL-cholesterol levels, higher TG levels and increased prevalence of the metabolic syndrome are in line with these previous observations.
To our knowledge, this is the first study analysing the influence of polymorphism in genes important for GC sensitivity, metabolism and transport on body composition and BMD in patients with CS in remission. In our study, the Bcl1 polymorphism in the GC receptor gene was associated with reduced BMD in total body and femur neck, which is in line with a study of patients with active CS (17) and other studies demonstrating increased GC sensitivity in subjects carrying this genotype (33, 34, 35) . A common polymorphism (rs1045642) in the ABCB1 gene was recently found to be associated with reduced bone mass in patients with Addison's disease (22) . The gene encodes for a transport protein that is important for efflux of intracellular GC (36) . In our study, this polymorphism was found to be independently associated with increased abdominal fat mass and reduced skeletal muscle mass, but not reduced BMD. A surprising finding was that the NR3C1 Bcl1 polymorphism, analysed using TaqMan SNP genotyping, in the patient cohort was not in HWE. The association between reduced BMD and Bcl1 should therefore be interpreted with caution (37) . The genotyping success rate was 98% and no unclear clustering was observed that could explain this deviation from HWE. This and that the deviation from HWE were not observed in the control group argues against a technical error during the analytical procedure. Interestingly, a similar finding has been observed previously (18) . One can therefore speculate whether this genetic variant is associated with the development of the CS itself.
This study has limitations. The controls were not matched for weight or BMI, instead adjustments for weight and height were made in the statistical analysis. Although we did adjust for these and several other variables in the statistical analysis, there may still be other factors that may influence our results such as the quality of the sex hormone replacement, the duration of GH deficiency initiated before GH replacement and the vitamin D status. Another limitation is that we only included women in the study. It would have been interesting to see whether there were differences between men and women with CS in remission as has been shown in patients with active disease (38) . Also, we included both patients with CD and cortisol-producing adenomas. Patients with cortisol-producing adrenal adenomas have reduced BMD at lumbar spine (39) and a better cardiovascular outcome than patients with CD (29). We could not show such differences, but the number of patients with cortisol-producing adrenal adenomas was few. Finally, the associations between numerous variables were analysed. The results must therefore be interpreted with caution because some of the significant findings may be a finding by chance, i.e. a type 1 error.
In conclusion, at long-term follow-up, women with CS in remission have increased abdominal fat mass that is independently associated with GC replacement and a common polymorphism in the ABCB1 gene, a gene encoding a transport protein important for efflux of intracellular GC. BMD on the other hand is not different from healthy individuals at a long-term follow-up. However, GC dependency and the common NR3C1 Bcl1 polymorphism in the GC receptor gene are independently associated with reduced BMD in patients in remission. 
